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Summary
Objective: Many genetically modiﬁed animal models are providing new keys for unlocking the pathophysiology of cartilage degradation. To
produce a tool for cellular and molecular studies in genetically engineered murine models, we deﬁned the optimal culture conditions for primary
cultures of articular chondrocytes from newborn mice (C57Bl/6).
Methods: To determine whether the cultured cells exhibited the typical articular chondrocyte phenotype, we examined several morphological,
biochemical, and functional features.
Results: The cells had the typical chondrocyte morphology, with a rounded or polygonal shape. Immunolocalization studies showed high
levels of type II collagen and aggrecan expression, together with sulfated glycosaminoglycan accumulation. Type II collagen and aggrecan
expression decreased with passaging. In contrast, type I collagen expression was low in primary cultures and high after four passages,
indicating a ﬁbroblast phenotype. To evaluate the functional integrity of our cultured cells, we evaluated their ability to produce prostaglandin
E2 (PGE2) and nitric oxide (NO) in response to the catabolic cytokine interleukin (IL)-1b (10 ng/ml). Production of both PGE2 and NO
increased signiﬁcantly as compared to untreated controls. In addition, IL-1b induced COX-2 expression by the cultured cells, as shown by
Western blotting.
Conclusions: Since functional and molecular parameters can be measured readily in mice, the immature murine articular chondrocyte (iMAC)
model described here should prove a powerful tool for research, particularly as many transgenic and knockout mouse strains are available,
even if iMACs are not optimal substitutes for human chondrocytes.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Chondrocytes are highly specialized cells of mesenchymal
origin that are responsible for producing, sustaining, and
degrading the cartilage extracellular matrix (ECM). This
matrix consists of complexes of large proteoglycan aggre-
gates (aggrecan, hyaluronan, and link protein), collagen
ﬁbrils, and other proteins. The two main macromolecules in
articular cartilage ECM are the large proteoglycan aggrecan
and type II collagen1. The network of type II collagen ﬁbrils
provides the cartilage with shape stability and tensile
strength, whereas the proteoglycan component is highly
hydrated, absorbs loads, and provides compressive
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Received 1 August 2004; revision accepted 22 November 2004.2stiffness. Chondrocytes play a pivotal role in degenerative
joint disease via cell proliferation and apoptosis, changes in
synthesis and degradation activities, and phenotypic
modulation2,3. Because a distinctive feature of cartilage is
the small number of cells embedded in an extensive ECM,
a prerequisite of chondrocyte studies is availability of
reliable cell culture models. Several culture models have
proved useful for studying chondrocyte function, such as
primary cultures of rabbit, bovine, or rat chondrocytes,
which are more readily accessible than human adult
chondrocytes. Several immortalized lines of chondrocytes
from humans or animals are available and express
a chondrocyte-speciﬁc phenotype with a high division rate.
Nevertheless, chondrocyte cell lines cannot be entirely
substituted for primary chondrocyte cultures, as marked
differences have been shown between the two4,5.
Mice are of particular interest for cellular and molecular
studies, as many tools suitable for use in mice are available,
including speciﬁc antibodies, probes, and genome se-
quence data. In addition, rapid development of transgenic
and gene-targeted mice and acute genetic manipulation via
gene transfer vector system constitute powerful instruments
for basic and biomedical studies. Articular mouse chon-
drocyte cell lines have been recently described6. Their
phenotypic characterizations showed some lack of pericel-
lular matrix production, reﬂecting some degree of43
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cyte cell lines have been recently developed. These cells
need to be embedded in alginate beads to restore the
phenotype of differentiated chondrocytes. However, these
cells are useful models for studying chondrocyte differen-
tiation. Current primary murine models consist in cultures of
chondrocytes from rib growth plates7e9 or embryonic
epiphyseal cartilage10. They also allow extensive investi-
gation of normal and abnormal cartilage differentiation but
are less satisfactory for studying inﬂammation, osteoarthri-
tis, or rheumatoid arthritis. Our goal was to create a primary
culture model of immature murine articular chondrocytes
(iMACs) useful for pathophysiological studies of joint
diseases, and that will permit novel experimental settings
for cellular genetic physiology.
Materials and methods
MATERIALS
All reagents were purchased from Sigma-Aldrich
(St Quentin Fallavier, France), unless stated otherwise.
Fetal calf serum (FCS) was from Invitrogen (Cergy
Pontoise, France). collagenase D and Complete protease
inhibitor mixture were from Roche Diagnostics (Meylan,
France). Recombinant human interleukin (IL)-1b was from
Peprotech, Inc. (Rocky Hill, NJ). Anti-Adult Cartilage Pro-
teoGlycan (ACPG) monoclonal antibody was from Chem-
icon. Anti-collagen type II polyclonal antibody, anti-COX-2
polyclonal antibody, and anti-aggrecan polyclonal antibody
were from Te´bu for Santa Cruz (Le Perray en Yvelines,
France). The enhanced chemiluminescent (ECL) Western
blot analysis system was purchased from Pharmacia
Biotech for Amersham (Orsay, France). The Immun-Blot
polyvinylidene ﬂuoride (PVDF) membranes for Western blot
and kaleidoscope prestained standards were obtained from
Bio-Rad (Ivry sur Seine, France).
SAMPLE COLLECTION AND CELL CULTURE
See Results section.
IMMUNOFLUORESCENCE
iMACs were seeded directly onto glass coverslips placed
in 24-well culture plates at a density of 2! 104 cells/
coverslip. At 70e80% conﬂuence, the cells were rinsedtwice with phosphate buffered saline (PBS), ﬁxed with 4%
paraformaldehyde in PBS for 10 min at room temperature,
and incubated with the primary antibody overnight at 4(C.
After two washes in PBS, the cells were incubated with the
ﬂuorescein isothiocyanate (FITC)-conjugated secondary
antibody diluted 1/100 in PBS, for 2e4 h at room
temperature. After three washes in PBS, coverslips were
mounted with the Dako ﬂuorescent mounting medium and
observed with a Nikon Diaphot 300 microscope equipped
with a mercury lamp.
ALCIAN BLUE STAINING OF GLYCOSAMINOGLYCAN
Chondrocytes were ﬁxed in 4% glutaraldehyde for 15 min
at room temperature, washed in 0.1 N HCl, and ﬁnally
stained in 1% Alcian Blue 8GX in 0.1 N HCl (pH 1) for
30 min at room temperature. After two brief washes with
0.1 N HCl, the cells were allowed to dry before rehydration
with 0.1 N HCl.
REAL-TIME POLYMERASE CHAIN REACTION ASSAYS
The real-time polymerase chain reaction (PCR) assays
were performed as previously described11. Total RNA was
extracted using RNAeasy kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions.
We used Omniscript (Qiagen) to reverse-transcribe 1 mg of
total RNA in a ﬁnal volume of 20 ml containing 50 ng of
random hexamers, according to the manufacturer’s instruc-
tions. After enzyme heat inactivation, various messenger
RNA (mRNA) levels were measured by real-time quantita-
tive reverse transcription-PCR using the iCycler iQ Real
Time PCR (Bio-Rad) and QuantiTect SYBR green PCR kits
(Qiagen). Table I shows the PCR primer sequences.
Speciﬁcity of the ampliﬁcation was conﬁrmed by electro-
phoresis, which revealed a single band, of the correct
product size. The PCR reactions were performed in ﬁnal
volumes of 25 ml, using 0.06e0.25 ml complementary DNA
(cDNA), 400 ng of speciﬁc primers (Table I), and 1!
Quantitect SYBR Green PCR master mix (Qiagen) in-
cluding HotStarTaq DNA polymerase, QuantiTect SYBR
Green PCR Buffer, SYBR Green I, Carboxy-X-Rhodamine
(ROX), and 5 mM MgCl2. Samples were denatured for
15 min at 94(C then ampliﬁed for 40 cycles as follows:
denaturation at 94(C for 1 min, annealing at 54(C for 1 min,
and extension at 72(C for 90 s. Product formation was
detected at 72(C in the FITC channel. The generation ofTable I
Primer sequences used to detect mRNA in murine articular chondrocytes
Primer Sequences Amplicon length (bp)
Type II collagen 86
Sense 5#-CAG GTG AAC CTG GAC GAG AG-3#
Antisense 5#-ACC ACG ATC TCC CTT GAC TC-3#
Type I collagen 99
Sense 5#-AAC GAG ATC GAG CTC AGA GG-3#
Antisense 5#-GAC TGT CTT GCC CCA AGT TC-3#
Aggrecan 103
Sense 5#-GTT GGT TAC TTC GCC TCC AG-3#
Antisense 5#-GTC CTC CAA GCT CTG TGA CC-3#
GAPDH 106
Sense 5#-CCA TCA CCA TCT TCC A-3#
Antisense 5#-CCT TCT CCA TGG TGG T-3#
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analysis. For each real-time PCR run, cDNAs were run in
quadruplicate in parallel with serial dilutions of a cDNA mix
tested for each primer pair to generate a linear standard
curve (mean cycle threshold [Ct], deﬁned as the cycle at
which ﬂuorescence was considered signiﬁcantly greater
than the background level and within the linear range,
plotted against the logarithm of the template concentration).
After normalization of values for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) used as an internal control,
this curve was used to estimate the relative quantity of
mRNA of interest in each sample.
PROSTAGLANDIN E2 ASSAY
Aliquots of supernatants from stimulated iMACs were
collected, and the prostaglandin E2 (PGE2) concentrations
were measured using a commercially available PGE2
enzyme immunoassay kit (Cayman Chemical CO., Ann
Arbor, MI, USA) as described earlier11,12. PGE2 levels were
assayed in duplicate and calculated against a standard
curve.
EXTRACTION OF CELL LYSATES
To extract whole cell lysates, cells grown to conﬂuence in
10-cm dishes and incubated with or without IL-1b stimulation
were washedwith ice-cold PBS then subjected to lysis in cold
lysis buffer containing 20 mM TriseHCl pH 7.6, 150 mM
NaCl, 2 mMethylene diamine tetraacetic acid, 1%Triton, and
10% glycerol, and supplemented with Complete protease
inhibitor mixture. The cells were disrupted by sonication and
centrifuged at 13,000 g for 10 min at 4(C. Protein concen-
trations were determined using the bicinchoninic acid assay
kit (Perbio Science for Pierce, Bezons, France).
IMMUNOBLOT ANALYSIS
COX-2 Western blotting was performed as previously
described11,12. Brieﬂy, cell lysates were separated by 7.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a PVDF membrane.
Western blotting for type II collagen and aggrecan were
performed using the NuPAGE (Novex high performance
pre-cast gels) TriseAcetate Electrophoresis System (Invi-
trogen, Cergy Pontoise, France), according to the manu-
facturer’s instructions. Whole cell lysates were
electrophoretically separated on TriseAcetate-buffered
3e8% polyacrylamide gel and blotted onto a PVDF
membrane using a continuous buffer system (NuPAGE
Transfer buffer with 10% methanol). The blots were then
soaked in Tris-buffered saline containing 0.1% Tween-20
(TBS-T; 20 mM TriseHCl pH 7.5, 100 mM NaCl, 0.1%
Tween-20) with 5% bovine serum albumin, for 2 h at room
temperature then incubated with the primary antibody
overnight at 4(C. Next, the blots were incubated with
horseradish peroxidase-conjugated secondary rabbit anti-
goat or goat anti-rabbit antibody for 2 h at room tempera-
ture. The membrane was washed repeatedly with TBS-T,
and the signals were detected using the ECL detecting
system and exposed to Biomax MR1 ﬁlms (Kodak).
NO ASSAY
The nitrite (NO2
) concentration was determined in
culture media. Nitric oxide (NO) has a short half-life inbiological ﬂuids and in culture medium. However, NO2
,
a stable and nonvolatile end-product of NO, can be
measured using a spectrophotometric method based on
the Griess reaction. The ratio of NO2
 concentration to total
NO generated is stable, and NO2
 levels provide an
accurate estimation of NO concentrations. Pipetting was
used to transfer 50-ml media aliquots into a clear-bottomed
96-well plate. Then, 50 ml of 1% sulfanilamide in freshly
prepared 5% H3PO4 was added (Griess Reagent System,
Promega, Charbonnie`res, France). After 5 min of incubation
protected from light, 50 ml of 0.1% N-1-naphthylethylenedi-
amine dihydrochloride solution was added. The plate was
incubated for a few minutes with low-speed agitation on an
orbital shaker. The NO concentration was determined by
optical density measurement using a 96-well microplate
reader at a wavelength of 535 nm.
STATISTICAL ANALYSIS
All data are reported as meansG S.E.M. unless stated
otherwise. Data populations were tested for normal
distribution and equal standard deviations. Student’s t test
was used. We used GraphPad InStat version 3.05 for
Windows 95/NT, GraphPad Software, San Diego California
USA, www.graphpad.com. P values smaller than 0.05 were
considered signiﬁcant.
Results
SAMPLE COLLECTION AND CELL CULTURE
All experiments were performed according to protocols
approved by the French/European ethics committee.
Chondrocytes were prepared from the hips and knees of
5- to 6-day-old C57Bl/6 mice. The mice were placed in the
face-down position on the table, and the skin and soft
tissues were removed from the hind legs [Fig. 1(A)]. The
femurs were dislocated, and the soft tissues about the joints
were discarded [Fig. 1(B)]. Isolated femoral heads, femoral
condyles, and tibial plateaux from two litters [Fig. 1(C)] were
subjected to two 45-min incubations with collagenase D
(3 mg/ml in Dulbecco’s Modiﬁed Eagle’s Medium supple-
mented with 2 mM L-glutamine, 50 U/ml penicillin and
0.05 mg/ml streptomycin) at 37(C under 5% CO2. The
tissue fragments were agitated until all soft tissues de-
tached from the cartilage pieces, which were then incubated
with collagenase D solution (0.5 mg/ml) overnight at 37(C.
This yielded a cell suspension [Fig. 1(D)], which was mixed
thoroughly to disperse any cell aggregates, thus producing
a suspension of isolated cells, which was ﬁltered through
a sterile 48-mm nylon mesh then centrifuged for 10 min at
1500 rpm. The chondrocytes thus obtained were washed
with PBS, resuspended in culture medium supplemented
with 10% FCS, and counted in a hemocytometer. On
average, 106 chondrocytes were obtained per mouse, of
which more than 97% excluded Trypan blue. Figure 1(EeH)
illustrates the appearance of the cultures.
CHARACTERIZATION OF THE IMAC PHENOTYPE
iMACs seeded on a culture dish at a density of 8! 103
cells/cm2 reached conﬂuence by day 6e7. Cells at this
stage (designated ‘‘P0’’) exhibited the typical chondrocyte
morphology, with a rounded or polygonal shape and
granular cytoplasm [Fig. 1(H)]. Characterization of iMACs
in primary cultures involved immunostaining of type II
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staining was performed to establish presence of sulfated
proteoglycans in the ECM, which was taken as evidence of
functional chondrocyte differentiation. Immunocytochemical
staining revealed that type II collagen was highly expressed
in primary iMAC cultures [Fig. 2(B)]. Similar to the staining
pattern of type II collagen, cartilage proteoglycan staining
was strongly positive in primary iMAC cultures [Fig. 2(D)].
Consistent with the results of immunohistochemistry, Alcian
Blue-positive ECM was seen in a pericellular distribution
after 6 days in vitro, establishing that the iMACs were
synthesizing proteoglycan-rich matrix at that time
[Fig. 2(C)].
DEDIFFERENTIATION OF PASSAGED IMACS
Real-time PCR (iCycler) (Fig. 3) was used to quantitate
the relative expression of type II collagen, type I collagen,
and aggrecan transcripts in RNA isolated from both primary
and passaged iMACs. Type II collagen is characteristic of
the chondrocyte phenotype and is downregulated when
chondrocytes begin to dedifferentiate13. Serial subculturing
of cells from P0 to P4 resulted in ﬂattened and ﬁbroblast-like
morphology (data not shown). Expression levels for type II
Fig. 1. Sample collection and establishment of primary cultures of
iMACs. (A) Skin and soft tissues were removed from the hind legs
of newborn mice. (B) The femurs were dislocated and the soft
tissue about the joints was discarded. (C) The femoral heads,
condyles, and tibial plateaux were isolated. (D) A cartilage piece
after overnight incubation with collagenase D. (EeH) Morphology of
mouse newborn articular chondrocytes plated on culture dishes.
Phase-contrast micrographs of cells in primary cultures after 2 (E),
3 (F), 5 (G), and 6 (H) days (Div: Days in vitro) (BarsZ 20 mm).collagen (measured by real-time PCR and Western blot)
and aggrecan (measured by real-time PCR) (Fig. 3) were
high at P0, began to decrease at P1, and were almost
undetectable from P2 onward, conﬁrming that monolayer
culturing resulted in typical chondrocyte dedifferentiation.
These results are in accordance with data on rabbit articular
chondrocytes14.
In contrast to the pattern of type II collagen expression,
low-level type I collagen expression was observed in
primary iMAC cultures at P0, and subsequent monolayer
culturing resulted in an up to three-fold increase in the type I
collagen mRNA level at P4. Thus, the expression pattern for
type I collagen was the opposite of that for type II collagen.
FUNCTIONAL CHARACTERIZATION OF IMACS
IL-1b has been reported to increase arachidonic acid
release and PGE2 synthesis in articular chondrocytes15,16.
In an earlier study, we showed that, along with the classical
markers of chondrocyte differentiation (type II collagen,
aggrecan), the levels of IL-1-induced PGE2 synthesis and
IL-1-induced COX-2 expression were related to chondro-
cyte differentiation16. In the present study, we examined the
ability of iMACs to produce PGE2 in response to IL-1b
stimulation. We incubated iMACs with IL-1b for 24 h and we
assayed PGE2 in cell supernatants. IL-1 induced signiﬁcant
PGE2 accumulation, which was inhibited by 107 M
dexamethasone [Fig. 4(A)].
Next, we measured the expression of COX-2 protein.
Immunoblots using a speciﬁc polyclonal antibody to murine
COX-2 revealed no signal in the control iMAC protein. In
contrast, after IL-1b exposure, a distinct band migrating at
72 kD was seen, indicating that IL-1b increased the
expression of COX-2 protein [Fig. 4(B)]. Furthermore, as
found by Goldring and coworkers with human chondro-
cytes17, incubation of iMACs with 10 ng/ml IL-1b for 24 h
decreased the production of type II collagen [Fig. 4(B)].
Chondrocyte exposure to 10 ng/ml IL-1b for 24 h markedly
increased the production of NO [Fig. 4(C)]. NO production
by unstimulated chondrocytes was minimal. In addition,
500 mM of diethylthiocarbamate (DETC) signiﬁcantly
decreased NO production by chondrocytes stimulated with
IL-1b [Fig. 4(C)].
Discussion
We combined mechanical and enzymatic treatments to
isolate and culture iMACs. The iMACs thus obtained formed
conﬂuent monolayers within a few days and exhibited the
characteristics of fully differentiated chondrocytes. They
were round or polygonal and were surrounded by a layer of
ECM stained by Alcian Blue [Fig. 2(C)]. Type II collagen,
a homotrimer composed of a1(II) chains, is the most
abundant ﬁbrillar protein in articular cartilage and forms
a ﬁbrillar network through interaction with other cartilage
collagens. Western blot immunodetection showed expres-
sion of type II collagen by iMACs, and immunohistochem-
istry established the pattern of expression, with marked
immunoreactivity in the monolayer. Another important
component of cartilage ECM is aggrecan, which is
composed of a core protein covalently attached to
glycosaminoglycan side chains of chondroitin sulfate and
keratan sulfate. The iMACs expressed the aggrecan core
protein, and aggrecan formed aggregates with hyaluronan
stabilized by link protein, as shown by Alcian Blue staining
at pH 1.
247Osteoarthritis and Cartilage Vol. 13, No. 3Fig. 2. Morphology and staining of iMACs in primary cultures. (A) Morphology of iMACs seen under a phase-contrast (PC) microscope after
ﬁxation. (B) Immunostaining with an anti-type II collagen antibody. (C) Staining with Alcian Blue. (D) Immunostaining with an ACPG antibody
(BarsZ 20 mm).Articular chondrocytes, which differentiate from mesen-
chymal cells during embryonic development, are unique
among terminally differentiated cells in that they rapidly lose
their differentiated phenotype upon prolonged monolayer
culturing on plastic or repeated passages9,18,19. This
dedifferentiation is accompanied by profound biochemical
changes, including loss of cartilage-speciﬁc synthesis of
macromolecules, such as type II collagen and aggrecan,
Fig. 3. iMAC phenotype and loss of chondrocyte differentiation of
passaged iMACs. (A) Effect of passages on the production of type
II collagen, type I collagen, and aggrecan mRNA by iMACs, as
determined using real-time PCR, with GAPDH as the control.
(Values are the meansG S.E.M., type II collagen: P0, nZ 16; P1,
nZ 5; P2, nZ 8; P3, nZ 5; P4, nZ 5; aggrecan: P0, nZ 16; P1,
nZ 8; P2, nZ 8; P3, nZ 6; P4, nZ 6; type I collagen: P0, nZ 8;
P1, nZ 5; P2, nZ 6; P3, nZ 6; P4, nZ 5; **P! 0.01 and
***P! 0.001 compared to control, by Student t test). (B) Effect of
passages on the production of type II collagen and aggrecan
protein as determined by Western blotting (the data represent
a typical experiment conducted three times with similar results).and production of interstitial collagens including type I
collagen (for a review see20). In the present study, we used
these well known features to characterize the chondrocyte
phenotype of primary cultured iMAC.
The amount of mRNA for type I collagen (a1 chain) was
negligible in primary iMAC cultures, indicating that the cells
were fully differentiated and that contamination by osteo-
blasts and other ﬁbroblasts was negligible.
To evaluate chondrocyte and ﬁbroblast phenotypes, we
studied expanded cells in 7-day-old primary cultures (P0)
and after several passages (P1eP4). The primary culture
cells exhibited a chondrocyte phenotype with expression of
type II collagen and aggrecan, whereas the cells passaged
in monolayers expressed type I collagen and exhibited
rapid morphological changes indicating conversion to the
ﬁbroblast phenotype.
Previous work has shown that differentiated articular
chondrocytes respond to IL-1b by increasing their pro-
duction of PGE2 and NO, whereas dedifferentiated chon-
drocytes do not16,21,22. Our iMACs exhibited this response,
indicating that they kept their chondrocyte differentiation.
Cyclooxygenase is crucial for PGE2 synthesis from
arachidonic acid. Whereas COX-1 is constitutively ex-
pressed by a wide variety of cells, COX-2 is transcriptionally
induced by proinﬂammatory cytokines such as IL-1 and
restricted to certain cell types, including chondrocytes23.
That IL-1b induced COX-2 protein in our iMACs indicated
persistence of chondrocyte functional properties, adding to
the evidence of phenotype preservation.
Monolayer primary articular chondrocyte cultures have
been obtained previously from several vertebrates24 but not
from mice. As attested by similar approach in other ﬁelds25,
mice are particularly well suited to cellular and molecular
studies, as the speciﬁc antibodies, probes, and genome
data available for this species are valuable tools for
researchers. These tools used in the many genetically
modiﬁed mouse strains developed to date constitute a rich
resource for advancing research in medicine and physiol-
ogy. These strains provide experimental systems for
unraveling the pathophysiology of osteoarthritis, studying
defects in human genetic diseases, conducting preclinical
248 C. Salvat et al.: Immature murine articular chondrocytes in primary culturetests of therapeutic agents, and developing innovative
cartilage-targeted therapeutic interventions. Furthermore,
our model provides millions of primary cells per experiment,
allowing biochemical and cellular biology investigations on
fully differentiated primary cells, and obviating the need for
cell trypsinization, which leads to dedifferentiation.
In conclusion, the present study establishes the feasibility
of obtaining differentiated iMACs in primary cultures. We
suggest that iMACs may be potent tools for mechanistic
and physiological studies of cartilage aimed at identifying
therapeutic strategies that prevent cartilage matrix degra-
dation or that promote cartilage repair via cell therapy or
genetic engineering.
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